Gudmundsson 1988; Allen et al. 2002; Currenti et al. 2007; Hooper et al. 2011) . In contrast, the static values of the parameters correspond to a static load. They can be measured in laboratory experiments (Cheng & Johnston 1981; Eissa & Kazi 1988; Asef & Najibi 2013 ) for a given range of confining pressure. They can also be estimated from modelling of the deformation signal induced by well-constrained surface loading perturbations, such as annual ice thickness variations (Grapenthin et al. 2006; Pinel et al. 2007) . Comparative studies have shown that there is a difference between the dynamic and the static estimates of the Young's modulus, with a static-to-dynamic ratio (E s /E d ) in the range 0.4-1.0 (Cheng & Johnston 1981; Asef & Najibi 2013 ). This ratio is highly dependent on the heterogeneity of microscopic structures of the rock material and its porosity, such that the difference tends to decrease with confining pressure. It follows that the estimate of static parameters from the dynamic ones is not straightforward and there is a need to provide good static in-situ estimates.
The aim of this study is to use interferometric synthetic aperture radar (InSAR) measurements to measure surface deformation associated with a glacial surge, and to model the observed deformation to constrain the elastic properties of the Earth. Surges are common at the outlet glaciers of all the major ice caps in Iceland (e.g. Thorarinsson 1969; Björnsson et al. 2003) . Ice-flow at surge-type outlet glaciers is generally too slow to remain in balance with their accumulation rates. As a result, the glacier thickens in its upper part, thins and steepens in the lower part, and the terminus draws back. After several years of glacier surface steepening, the basal sliding velocity increases in a zone centred in the upper ablation area where crevasses are formed. Downstream from this zone of enhanced velocity, a step-like thickening of the glacier develops and a bulge, usually tens of metres high, advances at rates of 20-80 m d −1 . Propagation of the bulge to the glacier terminus generally requires less than a year. Once the bulge reaches the terminus, the glacier begins to advance as a vertical front, usually 20-50 m high. The maximum advance rate measured during a surge in Iceland was 100 m in 24 hr at the ice front of Brúarjökull outlet glacier (located in the northern part of Vatnajökull ice cap) in 1963. The large outlets of Vatnajökull typically advance about 1 km. The advance of the terminus may take several months. Surges alter the geometry of the ice caps, typically thinning the accumulation area by 25-100 m, reducing ice-surface slopes, and increasing glacier surface area and ice thickness at the terminus. Lingering effects of a surge can often be detected in the accumulation area in the form of crevassing and surface lowering several years after the terminus has stopped advancing. Following that, a quiescent phase takes over, building up to a new surge. Major surges, with return intervals of several decades, have occurred in all the large lobate outlets of Vatnajökull.
In this study, we map crustal deformation using InSAR data, which provide deformation observations with high spatial resolution. SAR acquisitions from May to October, 1993 October, -2002 are used to measure the crustal deformation induced by a surge that occurred in 1993-1995 at the four major outlet glaciers of western Vatnajökull (Fig. 1) . We use the finite element method to model the surge-induced crustal deformation and compare it to the In-SAR observations. This allows us to estimate the effective Young's modulus, E, and Poisson's ratio, v, of the Icelandic crust/mantle.
GLACIAL SURGE HISTORY
The glacial surge we study took place in 1993-1995 at neighbouring outlet glaciers of western Vatnajökull: Sí ujökull, Tungnaárjökull, Skaftárjökull and Sylgjujökull (Fig. 1) . The first indications of a surge of Sí ujökull were the formation of crevasses in 1990 in the accumulation area. In 1994 January, a ∼70 m high bulge was observed moving down-glacier, and 4 months later, the surge was over, affecting an area of 500 km 2 and resulting in an advance of the glacier terminus by 1150 m. On Tungnaárjökull, increased ice velocities were first detected in 1992-1993 and in late 1994 a bulge started to propagate downwards. The surge was finished in mid-1995, moving the terminus forward by about 1200 m. The surface drawdown in the reservoir area extended 30 km up-glacier from the terminus. On both outlets the reservoir area lowered by 10-80 m, and the terminus thickened in excess of 100 m (more details in Björnsson et al. 2003) . Skaftárjökull and Sylgjujökull surged in 1994-1995. The redistribution of the ice mass during the surges of western Vatnajökull (Fig. 2) was estimated by differencing surface maps of the glaciers from 1993 and 1995. Digital elevation models (DEMs) for 1993 and 1995 were constructed by adjusting four basic maps available prior to and after the surge (from 1980, 1990, 1995 and 1998) with the help of observed spatial surface elevation changes, that is, a time-series of annual in situ GPS surveys at several scattered points over the glaciers in the 1980s and 1990s. We assumed that the main topographic forms of the glacier surface, shown in the 1980's and 1990/91 DEMs, remained unchanged until the surges in 1993. Likewise, we assume the maps of 1995 and 1998 display the shape of the glacier surface after the surges in 1995. The 1980 DEM was created from digitized elevation contour lines of the DMA series 1:500 000 paper maps [DMA series C761 produced by the Defence Mapping Agency Hydrographic/Topographic Center (DMAHTC), Washington DC] constructed from aerial photographs. The point elevation accuracy in this DEM is estimated to be ∼5 m. The 1990-1991 map was produced from precision barometric altimetry profiles about 1 km apart, with point accuracy of 2 m (Björnsson & Pálsson 1991; Björnsson et al. 1992) . A DEM of the terminus and lowest part of Tungnaárjökull was extracted from aerial photography survey in late summer 1995, point elevation accuracy ∼2 m. Finally, a DEM was derived by an airborne EMI-SAR survey in 1998 (Magnússon et al. 2004) , with estimated 1 m accuracy. We estimate uncertainty in the regional elevation difference between the DEMs from 1993 and 1995 to be 2-5 m. The volume of ice transferred in the surges, calculated as the difference between the 1993 and 1995 DEMs is estimated at 16 ± 1 km 3 , corresponding to ∼15 Gt we (water equivalent) assuming an average ice density of 917 kg m −3 . We assume here that there were no changes in the snow and firn layers on the ice cap and that the ice density remained constant before, during and after the surge.
I N S A R O B S E RVAT I O N S
We used 27 acquisitions from the European Space Agency's ERS-1 and ERS-2 synthetic aperture radar satellites, descending track 9, captured over the southwestern part of Vatnajökull ice cap between 1993 and 2002 ( Fig. 1) . We processed the SAR acquisitions in a similar way as Auriac et al. (2013) , using the Repeat Orbit Interferometry PACkage (ROI-PAC; Rosen et al. 2004) to focus the raw data, and the Delft Object-oriented Radar Interferometric Software (DORIS; Kampes & Usai 1999) to form the interferograms. The small baseline approach from the Stanford Method for Persistent Scatterers (StaMPS; Hooper 2008) package was used to form interferograms from various pairs of images for which the differences in perpendicular and temporal baselines are small. From these, we selected 65 highly coherent interferograms (Fig. 3) , formed from 24 of the 27 original SAR acquisitions (Table 1) . Finally, we cropped the scene to keep only the region surrounding the outlet glaciers, and resampled the coherent pixels to a 500 m grid. We also removed the points located on the ice cap and outliers (noisy points located along the lake and rivers in the west of the scene), leaving 2455 data points in total.
The deformation observed in the interferograms is in the line-ofsight (LOS) direction between the satellite and the ground, which deviates ∼23
• from vertical, as the radars are side-looking. The LOS unit vector, in the direction from ground to satellite, is approximately (−0.35, −0.10, +0.90) in east, north and up components. As the surge-induced crustal deformation is dominated by vertical movement (see Section 7), and InSAR is most sensitive to the vertical direction, the signal observed in the interferograms relates mostly to a vertical change corresponding to a subsidence. It is generally possible to separate the horizontal east-west deformation component from the vertical one by using SAR images acquired in both ascending and descending mode. However, due to the lack SAR data acquired in ascending configuration over the study area, this could not be achieved here. Only the crustal deformation from the surge at Sí ujökull, Skaftárjökull and the southern part of Tungnaárjökull outlet glaciers is observed, as the InSAR data we use do not cover the margins of Sylgjujökull and the northern part of Tungnaárjökull outlet glaciers.
Surge signal and time-series of interferograms
Interferograms spanning the year 1994 reveal a clear LOS lengthening signal associated with the glacial surge. Fig. 4 shows an example of such an interferogram, both wrapped and unwrapped, with maximum subsidence of ∼70-80 mm observed at the ice margin, relative to a reference area located at a distance of ∼15 km from the ice edge, in the bottom right corner of the InSAR scene. The reference area was chosen far away from the ice cap not to be influenced by the surge-induced crustal deformation. The surge signal decays rapidly away from the ice cap, with only ∼15 mm subsidence observed at ∼6 km from the ice edge. We inverted the 65 small baseline interferograms using least-squares to give a single-master time-series of 23 unwrapped interferograms using StaMPS (Fig. 5) . It shows cumulative displacement through time with respect to the first image on 1993 June 26, relative to the reference area. Two signals are observed: (i) the LOS lengthening signal related to the surge, appearing in the first image after the surge (1995 June 19) and all subsequent images, and (ii) the LOS shortening deformation due to glacial isostatic adjustment (GIA), as described by Auriac et al. (2013) (that is the ground deformation occurring around Vatnajökull due to the general retreat of the ice cap over the past 120 yr and seasonal changes in snow and ice cover), most clearly visible over the eastern half of the scene as time increases.
Contrary to the observations made by Sauber & Molnia (2004) for the surge of Bering Glacier, Alaska, in 1993-1995, the deformation signal associated with the drawdown of the reservoir area on Vatnajökull ice cap could not be observed by GPS due to a lack of GPS measurements on the nunataks at the time of the surge. The deformation of these nunataks could not be retrieved by InSAR data as it is nearly impossible to reliably unwrap between the stable points outside the ice cap and the clusters of isolated stable points on nunataks.
Disentangling surge and GIA signals
The GIA and surge signals are both present in the 1993-2002 timeseries of interferograms. In order to model the surge separately, we first estimated the contributions of both signals for each pixel. Each signal has its own time frame, the GIA spanning the whole time-series and the surge being a singular event spanned completely by a single pair of consecutive images, assuming the response of the surge is purely elastic (see Section 7). For a given pixel, the displacement as a function of time may therefore be modelled as a constant velocity (GIA) plus a step function (surge). Separating the two processes is achievable through least-squares inversion of the single-master time-series data. The equation to solve for each pixel is
where φ i is a vector with the phase value of the ith pixel in each interferogram, A is a design matrix and x i is a vector of unknown parameters we invert for. In our case, the vector of unknowns includes, for each pixel, two parameters of interest: (i) the estimation of the ongoing GIA signal through time, v GIA,i , which is assumed constant before and after the surge (see Section 7), and (ii) the estimate of the step displacement caused by the surge, d surge,i . The vector also includes two nuisance parameters that need to be evaluated for each pixel: the estimate of atmospheric component from the master acquisition, a m,i , and the estimate of the DEM error, which is related to the perpendicular baseline, c topo,i . For the ith pixel, eq. (1) can be rewritten as
where k is the index of the last interferogram before the surge, n is the total number of interferograms in the single-master timeseries, t is the time between the master and slave acquisitions and B perp the perpendicular baseline between the two acquisitions. We solved these equations for all the pixels and derived a vector with an estimate for the GIA and surge-induced crustal displacements, v GIA and d surge , respectively. We solved for the vector of unknown parameters using leastsquares weighted by the inverse variance-covariance matrix of the data. To estimate the variance of each interferogram, we deramped a 34 × 19 km area at the southwest corner of the full InSAR scene, considered far from any signal, and calculated the variance of the phase of the selected pixels in this area for each interferogram of the single-master time-series. We assumed the variance of this background signal to be representative of the complete scene. As the residual phase of the pixels in the interferogram is assumed to be uncorrelated in time, off-diagonal elements of the variancecovariance matrix were set to zero. Fig. 6 shows the results of the least-squares inversion for the GIA and surge estimate, relative to a reference area at (−17.67
• E, 63.97
• N). The GIA signal, v GIA , has a maximum LOS shortening rate of up to 10-12 mm yr −1 at the ice margin east of Sí ujökull outlet glacier, similar to the observations from Auriac et al. (2013) , while a maximum LOS lengthening of 70-75 mm is estimated for the surge step function, d surge .
M O D E L L I N G

General set-up
We modelled the elastic ground deformation caused by the surge with the finite element method, using the Abaqus commercial software (ABAQUS 2009 ). This method also allowed us to investigate the possibility of a viscoelastic response of the Earth to the glacial surge, and thus test the assumptions applied in the leastsquares inversion (see Sections 3.2 and 7). We built the models following the same approach as Auriac et al. (2013) , using a volume of 2000 × 2000 × 1000 km in the east-west, north-south and depth dimensions, respectively. The same assumptions as mentioned by Auriac et al. (2013) stand, that is, flat Earth, isotropic material, horizontal layering, and no plate spreading. The domain is large enough so that the fixed boundary conditions at the vertical and lower boundaries do not significantly affect the modelled displacements. Even though our model configuration approximates a half-space, we prefer the term layer to refer to each finite volume with similar elastic properties. A model where the entire volume has uniform properties will thus be called a one-layer model, and a model with two different uniform properties within the total volume will be called a two-layer model.
The ice model is based on the ice mass changes described in Section 2 and Fig. 2 . In order to account for the large variations over short distances in the surge model, we modified the original mesh (of the Earth model) used by Auriac et al. (2013) at the surface such that, in the load region, nodes are located every ∼250 m. The mesh then becomes coarser with distance. More than 210 000 nodes are present at the surface. To implement the ice model in Abaqus, we searched for the surge model point closest to the centre of the mesh element's face at the surface, and assigned it the corresponding value, defined as a pressure load. Vertical deformation observed at a randomly chosen mesh node as a function of Young's modulus. The red circles show results from the finite element models run with E = 20, 60 and 90 GPa. The blue line gives the vertical deformation calculated with the finite element model result using E = 20 GPa and scaling it for the different values of E, according to Hooke's law. The dashed green line, superimposed on the blue one, represents the deformation calculated with the Green's function approach using E = 40 GPa, and scaled to other values of E using Hooke's law.
Two series of models were created. We first created one-layer elastic models with Poisson's ratio, v, ranging from 0.025 to 0.500 with steps of 0.025, and Young's modulus, E, of 20 GPa. In a purely elastic model, according to Hooke's law, the displacement X induced by a surface load F is inversely proportional to E, and can be expressed as
Since the same load (surge model) was applied in all our models, we can consider F as constant. Using eq. (3) and the predicted displacement for one value of E (20 GPa) from our modelling, we can calculate the surface deformation for any value of E by scaling.
In our case, we calculated the deformation to E ranging from 5 to 100 GPa, for each value of v. To verify the numerical modelling, we ran a few extra models with v = 0.25 and E = 60 GPa and 90 GPa, and compared the displacements to those calculated by scaling. Fig. 7 shows the results of this comparison for one randomly chosen node of the mesh, indicating full consistency. In addition, we calculated analytical solutions for the surge displacement using the half-space Green's functions, by discretizing the surge into point loads, applied to the centre of each element from the finite element mesh. This solution is based on the same ice model as the finite element models. The displacements (horizontal, U r , and vertical, U z ) for a point surface load are
and
where r is the distance from the load, g is the acceleration of gravity, v the Poisson's ratio and E the Young's modulus (e.g. Pinel et al. 2007 ). The total displacement at each of the mesh points is estimated by considering the total ice mass and adding up the displacement induced by each of the point loads, using v = 0.25 and E = 40 GPa. Model displacements for other values of E were found by scaling. The predicted displacement with this method was compared to those obtained from the finite element models (Fig. 7) . The second series of models corresponds to two-layer elastic models with a 1-km-thick upper layer. The mesh and ice model are the same as used for the one-layer elastic models. We used different values for the Poisson's ratio of each layer (v 1 for the top layer and v 2 underneath), using the best-fit value provided by the one-layer elastic models and more commonly used values for crustal rocks. The Young's moduli (E 1 for the top layer and E 2 underneath) were varied from 10 to 18 GPa with steps of 2 GPa for E 1 , and from 55 to 90 GPa with steps of 5 GPa for E 2 .
Estimating the Young's modulus and Poisson's ratio
We solved for the best-fitting values of E and v by comparing the deformation field calculated from the finite element models to the surge-induced LOS change estimated from the InSAR data. This was achieved using a statistical method based on Bayes' rule, similar to that used by Hooper et al. (2013) and Auriac et al. (2013) . The approach used here though is simpler, because no GPS data are used in the comparison between the observed surge-induced and modelled deformation fields. We calculated the weighted residual sum of squares, WRSS, as
where d is the vector of observations, m is the vector of model parameters, G(.) is the model function that maps the model parameters to the observations and Q is the variance-covariance matrix of the InSAR observations, which are highly correlated in space.
The variance-covariance matrix accounts for residual atmospheric, decorrelation and unwrapping errors. It was estimated by a bootstrapping approach based on the one described by Auriac et al. (2013) but accounting for the following improvements. We ensured here that interferograms from both before and after the surge were sampled during each realization of the bootstrap. To ensure the estimate of the covariance includes the background noise only, we removed our estimate of d surge (calculated using weighted least-squares) from each estimate of the surge obtained during bootstrapping. For 500 000 random pairs of points, we then calculated the semi-variogram as the variance of the difference of value of the residual d surge between the two points in each pair. The semi-variogram was then binned according to the distance between the points and fitted with an exponential variogram function, from which the covariance function was calculated. The diagonal elements were set to a constant (∼20.7 mm 2 ), corresponding to the zero lag covariance which includes a nugget value (estimated as the semi-variogram value at zero lag).
Residuals, d − G(m), were calculated for each discrete value of the model parameters and interpolated in between to derive the posterior probability distribution of the model parameters. For each set of residuals, we estimated and removed a plane which accounts for orbital effects (residual orbit signals resembling a bilinear ramp) and for the systematic offset between the relative LOS InSAR observations and the absolute model displacements.
From eq. (6) and according to Bayes' rule, the posterior probability can be estimated using
where K is a constant, σ is a scaling factor of the variancecovariance matrix to account for model errors and n is the number of pixels. We set K in such a way that the total probability equals unity. We then determined the uncertainty region of our parameters as the area containing 95 per cent of the total probability. The dimensionless scaling factor σ is constant for all combinations of model parameters within one series of models (one-layer elastic or two-layer elastic models), and was independently calculated from the best WRSS estimate for each model series such that WRSS/σ 2 = n. It varied from 2.2 to 2.7 depending on the model used.
A LT E R N AT I V E A P P ROA C H U S I N G G I P H T
The General Inversion for Phase Technique, GIPhT, (Feigl & Thurber 2009; Ali & Feigl 2012) has also been applied to the surge data from western Vatnajökull ice cap. The approach used two wrapped interferograms created from four SAR acquisitions from the ERS-1 and two satellites, track 9. They span similarly long time intervals over 1993-1995 and 1998-2000 . Assuming that the GIA signal is constant with time (see Section 7), we subtracted the later interferogram from the first one to remove the GIA deformation, providing an estimate of the surge displacement. The observed subsidence is more than one fringe (more than 28 mm of range change) in most areas and nearly two fringes close to the eastern edge of Sí ujökull outlet glacier (∼56 mm of range change) within ∼10 km from the ice edge. This is consistent with what is observed in Fig. 6(b) . We modelled this estimate of surge deformation with the Green's function approach (eqs 4 and 5). For each pixel, the calculation convolves the map of the inferred mass redistribution of ice from the surge (Fig. 2) with the Green's function.
Consequently, we can estimate the Young's modulus E and Poisson's ratio v of the rocks around the glacier by minimizing the residual between the observed and modelled values of the In-SAR phase. To solve this inverse problem, we applied the GIPhT method as described by Feigl & Thurber (2009) and Ali & Feigl (2012) .
R E S U LT S
Results of the comparison between the surge displacement field estimated from the least-squares inversion (d surge ) and our finite element models (both one-layer and two-layer elastic) are presented in Figs 8-11 and Table 2 . The deformation patterns from the InSAR observations and the models are very similar. The magnitude of crustal deformation around the surging outlet glaciers, as well as the extent and decay of the signal away from the ice margin are well reproduced by the models, indicating high quality of the ice model and applicability of the Earth models.
Comparison between the one-layer elastic models and the surgeinduced crustal LOS displacement (d surge ) are displayed in the top row of Fig. 8, showing d surge from which the ramp and offset estimated during the Bayesian approach have been removed, the best-fit model, and the residuals between the two. The residual plot shows that, although the best one-layer elastic model manages to predict quite well the pattern of deformation, it does not accurately reproduce the deformation within 5 km of the ice edge, where residuals can reach 26-28 mm. The model cannot simultaneously reproduce both the gradient of deformation in the near-field (1-2 km from the edge) and far-field, which requires a higher value. This compromise model results in the relatively low estimate of the Young's modulus, E = 46.4 +3.3 −3.2 GPa, shown in the probability estimate in Fig. 9 and in Table 2 . The maximum posterior probability estimate for the Poisson's ratio is 0.17, but the probability distribution function (Fig. 9) shows that this parameter is barely constrained by these data, and the 95 per cent confidence interval spans 0-0.27. The GIPhT method, solving for the average value of the free parameters over a half-space, finds a Young's modulus of E = 64.0 ± 6 GPa and a Poisson's ratio of v = 0.36 ± 0.06. It seems this methods finds a good fit to the far-field deformation, explaining the difference with the Bayesian approach. From the results of our one-layer elastic models, we conclude that the crustal deformation pattern from the glacial surge cannot be adequately fit with a simple one-layer model.
In order to fit both the near-and the far-field displacements, a more complex model is needed. For this purpose, we ran the twolayer elastic models, solving for the best-fit Young's modulus of each layer (E 1 for the top layer and E 2 underneath). The 1-km-thick top layer, with a relatively low Young's modulus, is used to account for the large subsidence observed in the near-field region, while the underlying layer, with an overall higher Young's modulus, is needed to accommodate the far-field deformation. The 1 km thickness of the top layer was chosen according to the fact that the near-field gradient of deformation, outlined with the one-layer elastic models, is only observed with 1-2 km from the ice edge. We used three different combinations of the Poisson's ratios (v 1 for the top layer and v 2 underneath): (i) both v 1 and v 2 are set to 0.25, as it is a commonly assumed value for the Poisson's ratio of crustal rocks; (ii) we use v 1 = 0.17, as predicted by the one-layer models, and v 2 = 0.25; and (iii) both v 1 and v 2 are set to 0.17. Results from the Bayesian approach are presented in Fig. 10 and best-fit estimates of E 1 and E 2 are displayed in Table 2 for all three settings. The figure shows that E 1 is overall better constrained than E 2 . The probability distributions for the second (v 1 = 0.17 and v 2 = 0.25) and third (v 1 = v 2 = 0.17) combinations are quite similar as they have a large part of their 95 per cent confidence regions in common. The residual plots obtained with each solution are presented in Fig. 8 . All three combinations provide a better fit to the near-and far-field deformation than the one-layer elastic models, but combinations two and three clearly provide the best-fit models. However, since a Poisson's ratio of 0.17 is not realistic for the deeper part of the crust/mantle (see Section 7), our preferred model corresponds to the two-layer elastic model using v 1 = 0.17 and v 2 = 0.25. Its good fit is also confirmed by the displacement along the two profiles, as discussed below. Our preferred model estimates the Young's moduli to be E 1 = 13.9 +1.4 −1.0 GPa and E 2 = 73.9 +8.0 −6.6 GPa. Residuals for this model lie mostly between −2 and 6 mm in absolute value. East of Sí ujökull outlet glacier, some larger residuals occur. A plausible cause for those in the near-field region would be local inaccuracies in the ice model. For the far-field area, the residuals (ranging from −12 to −14 mm) are likely related to atmospheric signal adding some noise to the InSAR observations in this region. Fig. 11 shows the deformation along two profiles (shown in Fig. 8 ) going from the ice edge at Sí ujökull outlet glacier towards the edge of the InSAR scene to the south (profile A) and to the southwest (profile B). The top panels compare the surge-induced displacement (d surge ) to the four best-fit model predictions (one one-layer elastic models and three two-layer elastic models) to which we added the ramp and offset estimated during the Bayesian procedure. The lower panels of the figure give the residual displacement along each of the profiles for the four best-fit models. This figure shows that the best prediction of the surge-induced displacement in the near-and far-fields comes from our preferred model with v 1 = 0.17 and v 2 = 0.25.
D I S C U S S I O N
The time-series of interferograms show in detail the crustal deformation at the southwestern edge of Vatnajökull between 1993 and 2002. The signals observed are due to two different processes: the glacial surge that occurred in 1994 at Sí ujökull, Skaftárjökull, Tungnaárjökull and Sylgjujökull outlet glaciers, causing LOS lengthening, and the GIA driven by the general retreat of the ice cap over the past 120 yr which induces broad LOS shortening. Sources of uncertainty in the InSAR observations include the effects of atmospheric artifacts, unwrapping errors and orbital effects. The first two sources are greatly reduced during the StaMPS analysis and least-squares inversion, with any remaining error considered in the Bayesian approach. The latter uncertainty related to orbits is reduced by estimating and removing a bilinear ramp from the residuals obtained after the comparison between InSAR observations and model results.
Using least squares inversion, we are able to disentangle the signals induced by the surge and the GIA. The method however relies on a number of assumptions. The first assumption is that the 34 × 19 km area we use at the southwestern corner of the full In-SAR scene to estimate the background noise of each interferogram is representative of the full scene. This assumption is reasonable because the area used represents a good portion of the full scene and should sample enough points to obtain a reliable variance of the background noise of the interferograms. Another assumption is that the surge-induced crustal deformation is almost purely elastic. We have validated this assumption through model tests, by comparing outputs from a model with an elastic layer underlain by a viscoelastic layer to those from a one-layer elastic model. The models have identical elastic parameters (E = 60 GPa and v = 0.25). The viscoelastic test model we used consists of a 20 km thick elastic layer and a viscosity beneath this of 9.3 × 10 18 Pa s, according to the best-fit model for the InSAR observations of the ERS track 9 from Auriac et al. (2013) . Outputs from the viscoelastic model were taken at different times to evaluate both the short-and long-term responses from the surge. They were then compared to the purely elastic response of the surge. After 6 months, the viscoelastic effect represents less than 1 per cent of the elastic component. On a short-term basis, the results thus show that the influence of the viscoelastic response from the surge is negligible. The crustal response to the surge can therefore be modelled as a step function in time.
The surge-induced crustal deformation signal appears clearly in the LOS deformation map obtained from the least-squares inversion (Fig. 6) , reaching a maximum of 75 mm LOS lengthening at the margins of Sí ujökull outlet glacier. Our finite element modelling gives 3-D displacements and shows that horizontal displacements are nowhere more than 10 per cent of the vertical component, with a maximum near the ice edge. The model LOS change is formed by multiplying the displacement at each pixel with the LOS unit vector. Therefore, the LOS deformation map mostly shows vertical motion of the ground. The observed signal from the surge decays rapidly from the ice cap. Each of the outlet glaciers mapped by our InSAR scene has a specific surge deformation signature, the displacements at Sí ujökull and Skaftárjökull outlet glaciers being up to 50 mm greater than those observed on the southern part of Tungnaárjökull. This result is consistent with the ice model (Fig. 2) , which predicts less ice being transported to the terminus area of Tungnaárjökull than for Sí ujökull and Skaftárjökull. Moreover, the region where ice has been added extends over a larger area at Sí ujökull than Tungnaárjökull, increasing the extent of the surgeinduced crustal deformation at the margins of Sí ujökull compared to Tungnaárjökull. The GIA uplift rate over the 1993-2002 period estimated from the least-squares inversion reaches 12 mm yr −1 at the edge of the ice cap east of Sí ujökull outlet glacier, relative to the reference area. This result is consistent with those of Auriac et al. (2013) from a 1995-2002 time-series. The GIA uplift rate we estimate is assumed to be insensitive to the surge. Two effects linked to the surge could, however, influence the GIA estimate. The first one corresponds to an eventual viscoelastic response of the Earth following the surge. This possibility has been investigated as described above. We found that the viscoelastic response induced by the surge reaches a maximum of 0.9 mm yr −1 (decreasing away from the ice cap in a similar pattern as the elastic response from the surge), which corresponds to 7.5 per cent of the velocity estimated for the GIA uplift rate in this area during the inversion. Neglecting this effect causes a small underestimate of the uplift velocities induced by the GIA process around Sí ujökull, Skaftárjökull and Tungnaárjökull after the surge. Secondly, the ice model, with a step advance of ice during the surge, is an oversimplification. Consequently, the GIA uplift rate may be affected by increased ice melting after the surge, as observed after the surge of Bering Glacier, Alaska, in 1993 -1995 (Sauber & Molnia 2004 . The average summer melting on the highly crevassed ablation areas of the surging outlet glaciers of Vatnajökull ice cap has been observed to increase by ∼30 per cent over the 2-3 yr after the surge . The resulting deformation, Downloaded from https://academic.oup.com/gji/article-abstract/198/3/1329/585587 by Durham University user on 27 June 2018 because of the relatively short duration of the increased melting, will be mostly reflected in the elastic response of the crust to the unloading, and therefore has only a limited effect on the long-term GIA uplift. Moreover, since 1995, the mass balance of glaciers in Iceland has been on average negative by ∼1 m we yr −1 , after having been close to zero in the 1980s to the mid-1990s (Björnsson et al. , 2002 (Björnsson et al. , 2013 . The effect of this increase in melt rate would counteract the small underestimation of the GIA velocities caused by the viscoelastic response from the surge.
Some inaccuracies in the estimate of Poisson's ratio and Young's modulus from our Bayesian approach may be caused by assumptions made in the modelling and the statistical method itself. Since we built up our models according to Auriac et al. (2013) , the same assumptions stand, that is, flat Earth, isotropic material, horizontal layering and no plate spreading. The flat Earth is a reasonable assumption regarding the relatively small size of the surging outlet glaciers. The other assumptions are a simplification of the real Earth. The fact that we assume a uniform value for the Young's modulus, E, and Poisson's ratio, v, in one or two layers, means that the estimates we obtain from the Bayesian approach correspond to the average of these parameters for the Icelandic crust/upper mantle. For the two-layer elastic models, we assume a 1-km-thick top layer with a lower value of E than in the underlying layer. This also represents a simplification of the real Earth, which should be better represented by a gradual increase in E with depth, as indicated by seismic studies (Allen et al. 2002) . However, results from the comparison between model and observations show that our twolayer models suffice to fit the surge-induced crustal deformation in both the near-and far-field areas. Our results also depend on the assumption made during the Bayesian approach stating that the measurement errors have a multivariate Gaussian distribution. The 95 per cent confidence area obtained with the Bayesian procedure should be interpreted as a formal uncertainty, that is, a lower estimate of the true uncertainties, as it does not consider eventual model errors.
Uncertainties in the value of E and v also stem from the ice model used in this study, which depends largely on the assumption that the large-scale topographic features on the ice cap did not change shape between the time of acquisitions used to create the DEMs. Comparison of recent surface DEMs of western Vatnajökull [1998 (EMISAR), 2003 and 2010 from SPOT5 HRG and HRS images and LiDAR survey 2010 -2012 shows that this assumption is valid for almost all changes in elevation over length scales of 10 km whereas features of less than 1 km in radius are almost randomly scattered. Our ice model may also be influenced by the fact that we assume only a change in ice thickness with no variations in the snow or firn layers or in ice density. When doing DEM differencing over an ice cap, it is common to assume that the snow and firn layers are the same at both times of DEM acquisitions. This is a fair assumption as the snow layer gets renewed by new snow every year and the lower boundaries of the snow and firn layers are constantly transformed into firn and ice, respectively.
As an alternative way to validate our results, we ran the General Inversion for Phase Technique, GIPhT, developed by Feigl & Thurber (2009) and extended by Ali & Feigl (2012) , on the surge event that occurred on western Vatnajökull outlet glaciers. We extracted from this method an estimate of the Young's modulus, E = 64.0 ± 6 GPa, and Poisson's ratio, v = 0.36 ± 0.06. Comparison between the best-fit E and v estimated from our one-layer models, our two-layer elastic models, GIPhT approach, and the values found in the literature are summarized in Tables 2 and 3. The value of Young's modulus estimated from our Bayesian approach with the one-layer models is different to the one inferred from the GIPhT method, likely because each approach tries to fit a different part of the surge-induced signal (see Section 6). The estimates of the static value of the Young's modulus (E s ) we obtain with our two-layer elastic models are however in good agreement with what was inferred by Pinel et al. (2007) and Grapenthin et al. (2006) , considering that the values estimated are all averages of the true values over the modelled crustal thickness, and that the Young's modulus is increasing with depth, as demonstrated by seismic studies (Allen et al. 2002) and experimental results (Heap et al. 2011; Asef & Najibi 2013) . The values of the Earth parameters estimated by surface load studies are restricted to the volume of Earth significantly influenced by the load variation. To a first approximation, the effects of a surface load depend mostly on Earth properties at depth shallower than the lateral extent of the surface load. It follows that a smaller extent load variation will sample the Young's modulus at shallower levels, which can partly explain the small differences between various studies. Comparison with Young's moduli values derived in Iceland from seismic studies (Pálmason 1971; Gudmundsson 1988; Allen et al. 2002; Hooper et al. 2011 ) reveals that the dynamic Young's moduli appear larger than the static values, with a smaller difference at larger depth, as expected from experimental studies (e.g. Jizba 1991) . This effect has also been observed in other places such as in Hawaii where, at shallow depth (∼2.7 km), E s was estimated to be five times smaller than E d (Hooper et al. 2002) . Values estimated in Iceland are close to those found at Mount Etna and Hawaii (see Tables 2 and 3 ). They are, however, much larger than the small value found by Beauducel et al. (2000) for a local study at Merapi volcano. This can be explained by the local estimation performed by these authors by running a model for a very shallow depth.
The estimate of the Poisson's ratio, v = 0.17
−0.17 , inferred from our one-layer models is lower than the v = 0.36 ± 0.06 obtained with the GIPhT approach. This can be explained by the differences in each approach: the different ways to obtain the surge-induced LOS displacements by removing the GIA signal, and the different ways in dealing with the covariance between pixels. The Bayesian approach however shows that the Poisson's ratio parameter is not well constrained by the data, as shown by the 95 per cent confidence region. The low value of v = 0.17 +0.10 −0.17 can be partly explained by the fact that Poisson's ratios are highly influenced by the presence of fluids in pores, cracks and fissures in the crust, varying from v = 0.27 in drained conditions to v = 0.31 for undrained conditions, as estimated by Jónsson et al. (2003) . We argue that the surge takes place over a long enough time interval to obtain a drained value of the Poisson's ratio from our results, in which case a Poisson's ratio of v = 0.27 falls at the edge of our uncertainties. Moreover, the choice of our preferred model using a Poisson's ratio of v = 0.17 for the top layer and v = 0.25 underneath has been motivated by the fact that the uppermost kilometre of the Icelandic crust is most likely highly fractured. Although a value of v = 0.17 might be too low for the Poisson's ratio of the top layer, we argue that it should be lower than the Poisson's ratio at larger depth. The residual plots demonstrate that such a model manages to resolve most of the surge-induced signal in both near-and far-field areas (Fig. 8 ).
C O N C L U S I O N S
InSAR has proved to be a powerful tool for mapping the crustal deformation associated with glacial surges. The crustal subsidence signal induced by the studied surge, reaching up to 75 mm in LOS at the edge of Sí ujökull outlet glacier, is well resolved right up to the ice margin. The high spatial resolution provided by the InSAR observations also shows the full extent of the surge signal, which decays fast over a ∼10 km distance away from the ice cap. The pattern is well reproduced by the finite element modelling. The results show that the surge-induced crustal subsidence signal is composed of two zones: the far-field area, and the near-field area (∼0.5-1-km-wide band at the ice margin) which experiences higher deformation. Results from the finite element modelling demonstrate that the one-layer elastic models cannot fully explain both the nearand far-field deformation. The Bayesian approach used to evaluate these models shows that the Poisson's ratio is poorly constrained, with v < 0.27. Our preferred model comes from the two-layer elastic models, where we use a Poisson's ratio of v 1 = 0.17 for the upper layer and a Poisson's ratio of v 2 = 0.25 for the lower layer.
As discussed above, these values would indicate drained conditions and a highly fractured top part of the crust around Vatnajökull ice cap. Inferring for the Young's modulus of each layer, we find bestfit values of E 1 = 12.9-15.3 GPa and E 2 = 67.3-81.9 GPa for the upper and lower layers, respectively (95 per cent confidence intervals). Residuals are small and demonstrate that the models can accommodate for both the near-and far-field deformation. Our results are consistent with other studies, given that the depth at which it is possible to resolve for the Earth parameters is dependent on the spatial extent of the load at the surface.
figures were created using the GMT software package (Wessel & Smith 1998 ).
